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ABSTRACT: Fatty acids of C18 chainlength as well as their
methyl, ethyl, n-propyl, and n-butyl esters were injected into a
constant-volume combustion apparatus suitable for collecting
material from the fuel spray prior to the onset of ignition. The
collected material from this precombustion phase of the injec
tion event was analyzed by gas chromatography-mass spec
trometry. Compounds identified as forming during the precom
bustion phase were straight-chain and branched alkanes,
alkenes, and cyclic hydrocarbons, as well as aldehydes, ke
tones, esters, substituted benzenes, and other species, such as
furans. Some of the compounds formed during precombustion
have low cetane numbers (CN). Low-cetane aromatic com
pounds were found more prominently for more unsaturated
fatty compounds. Thus, the low CN of the intermediary precom
bustion species may constitute a possible partial explanation
why some compounds, for example the more unsaturated fatty
compounds, have relatively low CN.
JADeS 75,1007-1013 (1998).
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Vegetable oils and animal fats and their derivatives, espe
cially methyl esters. are of considerable interest as alternative
diesel fuels (I), also known as biodiesei. Indeed, biodiesel is
defined "as the mono alkyl esters of long-chain fatty acids de
rived from renewable lipid feedstocks. such as vegetable oils
or animal fats, for use in compression ignition (diesel) en
gines" (2). Numerous studies have shown that most exhaust
emissions encountered with conventional diesel fuel
(petrodiesel) are reduced with biodiesel, with the exception
of nitrogen oxides (NO) (I). Biodiesel also represents a do
mestic, renewable energy source.

When a diesel fuel is injected into the combustion cham
ber of a diesel engine, a brief time passes before the onset of
ignition. During this so-called ignition delay time, the fuel
passes through a pressure and temperature gradient until the
conditions for ignition are attained. The ignition delay time is
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the basis of the cetane number (CN), a prime diesel fuel qual
ity index. The CN of a given compound is higher the shorter
its ignition delay time is and vice versa. Hexadecane (also
known as cetane) is the high-quality standard compound with
a short ignition delay time and has been assigned a CN of 100
(3). The low-quality standard with a long ignition delay time
is 2,2,4,4,6,8,8-heptamethylnonane (HMN) with an assigned
CN of 15. Generally, fatty esters have CN values above~that
of conventional diesel fuel (petrodiesel), which should have a
minimum CN of 40 (4). Note also that vegetable oils (con
taining triglycerides) have better ignition properties than their
lower CN indicate (I).

The standard compounds on the cetane scale show that
compound structure plays a significant role in determining the
CN of a given material (5). Thus, branching reduces the CN
(as demonstrated by the standard compounds of the cetane
scale), but the presence, number, and position of double bonds
in a fatty compound also influence CN (5,6). Therefore, more
highly saturated fatty compounds have higher CN. The num
ber of CH2 groups is also significant. Therefore, the longer a
saturated chain is, the higher the CN, and the larger the size of
the alcohol moiety in fatty esters, the higher the CN.

The structure-dependent ignition delay time of a fuel can
be influenced by compounds known as cetane improvers,
which raise CN. Cetane improvers have been identified for
fatty compounds that occur in biodiesel (5). Cetane improvers
may have another important ramification, namely the reduc
tion of NOx exhaust emissions. It is known for petrodiesel
that cetane improvers can reduce these exhaust emissions (7).
Cetane improvers function by reducing the ignition delay and
lowering the premixed fuel combustion temperature (7), thus
lowering NOx by inhibiting their formation, which occurs at
high temperatures in the combustion chamber (7,8). There
fore, it appears feasible to attempt such an approach with
biodiesei. The environmental significance of NO reduction"-' x
is that these exhaust emissions are precursors of ozone (03)'
which is a primary component of urban smog. NOx emissions
are regulated in tailpipe emissions, while 03 is regulated in
ambient air. .

The brief period of time after injection of the fuel into the
combustion chamber before the onset of ignition may also be
termed the precombustion phase. While passing through the
precombustion temperature and pressure gradient, the fuel is
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subjected to chemical reactions during which species are
formed that influence the subsequent combustion phase.

In previous work. we analyzed pure triglycerides, such as
tripalmitin, tristearin, triolein, trilinolein, and trilinolenin
(9-1 I). In an initial study (9), at 400°C in air or nitrogen,
mainly fatty acids, various aliphatic hydrocarbons, and other
compounds, such as aldehydes, were detected. Component
patterns were largely independent of reaction conditions and
starting materials. In a second study (10), where the precom
bustion products were separated as volatiles or semivolatiles,
and the conditions were 450°C in air or nitrogen. unsaturated
aliphatic hydrocarbons, unsaturated aldehydes, various aro
matics, and polyaromatics were detected. Here the atmosphere
had considerable influence on product formation. In this work,
we studied stearic, oleic, linoleic. and linolenic acids as well
as corresponding methyl, ethyl, propyl, and butyl esters for
their precombustion behavior. Intermediate species, formed
during precombustion, were trapped and analyzed.

EXPERIMENTAL PROCEDURES

All fatty acids and esters were obtained from Nu-Chek-Prep,
Inc. (Elysian, MN), and were of purity >99% as indicated by
the manufacturer and verified by random testing. Stearic,
oleic, linoleic, and linolenic acids and their esters, as well as
methyl cis-vaccenate [methyl I I (Z)-octadecenoate], were
tested. These materials were injected under air into a con
stant-volume combustion apparatus (CYCA), designed to
simulate the conditions that exist in a diesel engine and have
been described previously (10: no motion pictures were pre
pared in the present work). Standard conditions were a tem
perature of 300°C and a pressure of 1.96 MPa. Experiments
conducted under other conditions are noted in the text. Sam
ples were collected as volatile and semivolatile materials.

Figure I represents a schematic drawing of the CYCA. The
CYCA used in the present work is a modification of a com
bustion bomb. originally developed as a reliable method for
cetane testing, and offers other advantages (for example, less
test material) compared to the standard cetane testing method
(12). The modification suits the present experiments by at
taching a trap system for collecting volatile and semivolatile
species into which the precombustion gases are directed and
then absorbed.

Semivolatiles were collected on polyurethane foam plugs.
Materials from the plugs were extracted with dichloro
methane in a Soxhlet extractor or by stirring with dichloro
methane (Fisher Scientific, Fair Lawn, NJ) at room tempera
ture for 2 h. Full extraction was controlled by gravimetric
comparison of extracted plugs with unused plugs. Nuclear
magnetic resonance (NMR) spectra of the extracts were ob
tained on a Bruker (Rheinstetten, Germany) ARX-400 spec
trometer at 400 MHz for I H NMR and at 100 MHz for 13C
NMR.

The volatile samples were collected in TDU tubes (length
4.5 inches = I 1.43 cm; outer diameter 0.25 inches =0.635 cm:
packed with Carbotrap 300: SupeIco, Bellefonte, PAl cus
tomized to suit an or Analytical (College Station, TX) purge
and trap system which consisted of an MHC-16 multiple
heater controller, a DPM-16 discrete purging multisampler,
and a 4560 sample concentrator. After desorption and con
centration on the purge and trap system, the samples were an
alyzed with a Hewlett-Packard (Palo Alto, CAl 5890 Series
II gas chromatograph, equipped with a Supelco SPB-5 (length
60 m; 0.32 mm i.d.; 1.0 /.lm film thickness) column (tempera
ture program: 15 min at 30°e. then 2°/min to 50°C, then
5°C/min to 100°e. then 100 /min. to 270°e. final hold 15 min
at 270°C) and a Hewlett-Packard 5972 mass selective detec
tor. Some spectra were checked by library search (Wiley 138
K library; obtained from Hewlett-Packard).

RESULTS AND DISCUSSION

FIG. 1. Scheme oi the constant-volume combustion apparatus designed
to generate precombustion products (see text).
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Analysis by NMR of the semi volatile materials collected in
the foam plug showed that they consisted mainly ofunreacted
starting material, The volatile samples, on the other hand,
consisted of a complex mixture of different classes of com
pounds, as analysis by gas chromatography-mass spectrome
try (GC-MS) with the purge-and-trap system showed. There
fore. the following evaluation deals exclusively with the
volatile samples.

Two runs were conducted for each volatile sample. In the first
run, some peaks, especially at lower elution temperature and
shorter retention time, were extremely strong. Because we sus
pected that not all material was desorbed from the sampling
tubes during the first run, and because we wanted to reveal peaks
of materials "hiding" under strong peaks, a second run under
identical desorption and GC-MS conditions was conducted. Our
suspicion was indeed true for some materials. Generally, the sec
ond run displayed fewer and weaker peaks, and some materials
identified in the first run were not detected in the second run. All
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FIG. 2. Typical chromatograms (from precombustion of butyl oleate) of two consecutive GC-MS runs (A: first run; B: second run) for each sample.
For details, see text.

tables contain data for both runs. Chromatograms for a series of
two such runs are depicted in Figure 2.

The different kinds of thermally induced chemical reac
tions. such as those occurring here. are well known (13.14).
One common type of reaction under the conditions used here
results in radicals by cleavage of the hydrocarbon chain. The
intermediary radicals can react in several ways (isomeriza
tion. disproportionation, recombination. etc.) to give species
that differ from the starting material. Other possible reactions
include decarboxylation (liberation of CO2), oxidation. ring
closure. cyclization. aromatization, and dehydrogenation.
These reactions had also been observed previously in studies
on the precombustion of triglycerides (9-11). Evidence for
these reactions is presented here. The details of such reactions
will not be discussed further. because they are well docu
mented in the literature (13.14).

Numerous classes of compounds were identified in the
present work. These classes of compounds include aliphatic
hydrocarbons (saturated and unsaturated) as well as straight
chain and branched and likely cyclic species, aldehydes, ke
tones, aromatic hydrocarbons with aliphatic side chains, and
shorter-chain esters. Interestingly. substituted furans were ob
served as well; these compounds had not been observed in the
prior precombustion experiments on triglycerides (9-11). On
the other hand, furans have been shown to arise during other
combustion experiments with fossil fuels and biomass (15).
Table I contains a list of compounds by elution sequence.
whose nature was assigned as discussed in the next paragraph.

Not only by MS were compounds assigned to specific
peaks. Just as essential was an evaluation of the physical
properties of a suspected compound to be assigned to a peak.
Especially, the boiling point was taken into consideration.
Even when a library search indicated high probability for a
specific assignment, this assignment was disregarded when
the physical properties of the library search-assigned com
pound (particularly the boiling point) were not in agreement
with the physical properties of the other compounds com
prised in the elution sequence. Sometimes, assignments were
made that disagreed with the primary results of the library
search if mass spectra and boiling points pointed to a differ
ent specific compound.

Full quantitation of the individual species was not con
ducted. as was true also for the previous precombustion ex
periments on triglycerides, where compounds were reported
in quantitation ranges (9-11). Quantitation ranges are re
ported here again. The reasons are: overlapping of peaks. in
conclusive mass spectra due to possible isomers with similar
physical properties, and fragmentary spectra. especially for
compounds that were present in smaller amounts. Further
more, no external standard could be used, because the experi
mental method is not amenable to it. Quantitation of com
pounds is, therefore. reported relative to the highest-intensity
material in each sample. A similar procedure of using a par
ent compound for quantitation was conducted in one of the
earlier studies (9). That many compounds were not identified
in all samples may be a result of weak intensities and thus
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TABLE 1
Elution Sequence of Some Compounds Identified in the Precombus
tion Samples·

"Compounds were identified by mass spectrometry and physical properties
(see text). For example, this holds ior the three isomeric dimethylbenzenes
(xylenes), which appear in order oi increasing boiling point. Mass spectra oi
these isomers are similar. Retention time ranges are oiten given because oi
slight retention time differences oi the same compound irom sample to sam
ple. Not all structures were identified unambiguously. For example, the exact
substitution nature of the trimethylcyclohexanes could not be established.

lack of full peak formation in the chromatogram. Not all ex
periments conducted are reported for all classes of com
pounds, for sake of brevity and clarity. The numerous uniden
tified peaks or those with ambiguous assignments are not re
ported, either, for space reasons, unless they represent major
components that occurred in more than one sample.

Repeatability was checked by conducting three experi
ments with methyllinoleate under the same conditions_ No
significant deviations in the component pattern were identi
fied, indicating satisfying replicability. Furthermore, experi
ments with methyllinoleate at 400°C with 2.3 MPa pressure
and at 350°C with 2.12 MPa pressure did not indicate signifi
cant changes in the precombustion component pattern.

The intermediate species formed during precombustion
have different ignition characteristics themselves. They arise
during the precombustion phase and will therefore influence
the further course of precombustion. A result of this observa-

Compound

Acetaldehyde
Acetone
Methyl acetate
Propyl iormate
2-Butanone
Methyl2-propenoate
Propyl iormate
Benzene
Branched alkene or alkane (see text)
Pentanal
Dimethyl-2-butanone
Ethyl 2-propenoate
Ethyl propanoate
Propyl acetate
Butyl iormate
Toluene
2-Hexanone
Hexanal
Methyl 4-Pentenoate
Butyl acetate
Ethylbenzene
1A-Dimethyl benzene
1,3-Dimethylbenzene
Trimethylcyclohexane
Trimethylcyclohexane
Methyl hexanone
1,2-Dimethylbenzene
Nonane
Benzaldehyde
Decane
Undecane
Dodecane

Retention time (min)

4
5.5-7.0
7.0-7.3
11
11.5-12
11.5-12
11
14
17.2-21
19-20.5
20.2
22
22
22-23
23.2
26-27
28.5
29.0-29.5
30
30.5
33.3-33.5
33.7
33.8
33.9-34.1
34.0-34.2
34.4-34.5
34.8-34.9
35.2-35.3
36.6-36.7
38.8-38.9
41.2-41.4
43.2-43.3

tion is that the CN of the intermediary species formed during
precombustion will thus influence the cetane number of the
original starting material-in the present experiments, the
fatty acids and esters.

Most intermediary species will have lower CN than the
fatty compounds tested. This is clarified by the known influ
ence of compound structure on the CN (5,6). Increased
branching and decreasing chainlength (fewer CH7 moieties)
lower the CN. Aromatics, which may form via cyclization
and dehydrogenation, have especially low CN (16).

Numerous alkanes, alkenes, and cycloaliphatic compounds
were detected. Together, they constitute the most abundant
classes of compounds in the present samples. On the other
hand, full identification and assignment of these compounds
pose significant problems, for two related reasons. With in
creasing chainlength, the number of possible isomers (with
similar physical properties, such as boiling point) increases,
and the mass spectra of the isomers are often similar because
branching may occur at similar locations in the chain. The
chainlength of the backbone of the branched alkanes may not
even be identifiable unambiguously. At best, the approximate
chainlength or total number of carbons may be deduced from
the retention time. This is most conspicuously demonstrated
for the strong peak at 18-20 min (consistently one of the
strongest peaks in all GC-MS runs), for which no final as
signment could be made. Based on retention time and corre
sponding likely physical properties, the compound is a
branched C7-CS alkane or alkene. The mass spectra of the
scans with m/z 57 as base peak and m/z 41 as second most in
tense peak may point to an alkene (possibly 2,4,4-trimethyl
l-pentene, whose boiling point of 10 1.4°C would fit the elu
tion sequence in terms of boiling points). On the other hand,
an overlap of different compounds appears possible. Distinc
tion between unsaturated compounds (alkenes) and cyclic
compounds is often difficult because of mass spectral simi
larities and isomerism. Table 2 shows some saturated and un
saturated (cyclo-)aliphatic compounds.

Esters with chainlengths shorter (C 1-C3) than those of the
original starting materials were found in most samples. The
shorter-chain esters identified are given in Table 3. Extension
of the chain of the ester moiety was rarely identified and pos
sibly arose from recombination of radical species.

The detection of aromatic compounds has further unique
ramifications. First, they are easy to distinguish from other
compounds, which often display mass-spectral similarities,
by their typical aromatic fragmentation pattern. Thus, the rel
ative number of aromatic components in a precombustion
mixture is readily determined. Table 4 details the presence of
aromatic compounds in the precombustion mixtures. They
were detected mainly as alkylated species. Benzene was usu
ally present only in small amounts; toluene was observed in
nearly all samples.

Table 4 shows that aromatics with extended side-chains or
more than one alkyl side-chain were found mainly for the
more unsaturated starting materials, linoleic and linolenic
acids and esters. Furthermore, although some oleate samples

JAOCS, Vol. 75, no. 8 (1998)
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TABLE 2
Straight-Chain and Branched Alkanes and Alkenes and Cycloaliphatic Compounds in the Precombustion Samplesa,b

18:0 18:0 18:1 18:1 18:1 18:1tl11 18:2 18:2 18:2 18:2
Ac Et Ac Me Et Me Ac Mec Med Et

18:3
Me

1011

18:3
Et

b/- cia d-
a/a al- ai- b/- d/-

c/- al- ai- b/- al- b/- a/- b/-
cia -fa ala -fa

Branched alkene/alkane h/h h/h
Trimethylcyclohexanee ala
Trimethylcyclohexanee a/a
Nonane b/- b/-
Decane a/- b/-
Undecane a/-
Dodecane -fa

h/h h/h h/h h/h h/h h/g h/g h/h h/g hlf
a/a
a/a
e/
e/
c/-

aThe starting materials are coded as described in the following example: 18:1 Me = methyl oleate. First the fatty acid chain is given (18:0 = stearate, 18:1 =
oleate, 18:1 till = vaccenate, 18:2 = linoleate, 18:3 = linolenate) and then the functional group at C1 (Ac = acid, me = methyl ester, et = ethyl ester, pr =
~ropyl ester, bu = butyl ester)
Quantitation results from both runs (see text) are given. For example, alc denotes that a compound was detected in range a in the first run and range c in the

second run; a hyphen denotes a compound was not detected (if a compound was not detected in either run, this is denoted by one hyphen). Quantitation
ranges are as follows (relative to the most intense peak): a = <1 %, b = 1-2%, c = 2-5%, d = 5-10%, e = 10-25%, f = 25-50%, g = 50-75%, h = 75-100%.
c400'C, 2.3 MPa.
dStandard conditions.
eSubstitution pattern of trimethylcyclohexanes could not be established.

showed some of these aromatics, they were not observed for
methyl cis-vaccenate. Therefore, the position of the double
bond can play a role in the formation of precombustion
species. For oleate and methyl petroselinate, the species
formed by cleavage of the fatty acid chain depends on the po
sition of the double bond. The cleavage of oleate leads to a
fragment that can easily cyclize to an aromatic species; the
cleavage of petroselinate would not cause such a fragment. In
this connection, the trimethyl-substituted cyclohexanes (see
Table 2) were found predominantly for Iinolenates (C IS:3)'

The greater content of aromatics in the precombustion
samples of more highly unsaturated fatty compounds may co
incide with their low CN. Cetane testing on a CVCA has
shown that methyl oleate had a lower CN (47.2) than its iso
mers methyl vaccenate (methyl cis-ll-octadecenoate; CN =
49.5) and methyl petroselinate (CN 55.4) in one series of CN
determinations (5,17). A generalized interpretation of this
finding is that the CN of a certain fatty compound (as well as
the CN of nonfatty compounds) is, at least partially, deter
mined by the intermediate species formed during the precom
bustion phase. Other factors may also playa role. For exam-

pie, there is a positive correlation between CN and boiling
point of a fatty compound (18). Another work, in which re
gression analyses were conducted, showed that boiling point
was the most reliable property for predicting the CN of fatty
compounds (19). It was more reliable than heat of combus
tion, carbon number, and melting point.

That small amounts of low-cetane compounds may have
significant effects on the overall CN of the tested compound
is clarified by the following equation for a simple two-com
ponent system:

CN = [a (high CN component) + b (low CN component)] [I]

100

with a and b being the amounts of the two components in vol
ume-%. For example, a system that consists of 95% of a com
pound with CN 60 and 5% of a compound with eN 10 (a very
low CN, but it is that of xylene, see Ref. 16) would have a CN
of 56.5. This equation implies a linear relationship; however,
usually the overall CN is nonlinear (20).

Other compounds, for example short-chain and branched
hydrocarbons, may have similar effects on the overall CN of

TABLE 3
Shorter-Chain Esters Identifieda

18:1 18:1 18:1 18:1 18:1 18:2 18:2 18:2 18:2 18:2
Ac Me Et Pr Bu Ac Mec Et Pr Bu

Methyl acetate f/- fig gig glf
Propyl formate fig -fa
Methyl 2-propenoate fI- gI-
Ethyl 2-propenoate -If aI-
Ethyl propanoateb

Propyl acetate fla aI-
Butyl formate -Ie fI-
Methyl 4-Pentenoate b/- d/a

acetate flf fie

aFar explanatory remarks on the tables, see footnotes for Table 2.
bDetected only in 18:0 Et and and 18:3 Et at c/-.
CStandard conditions.
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TABLE 4
Aromatic Compounds·

G. KNOTHE ET AL.

Benzene -/a
Toluene ele e/e alb ai-
Ethylbenzene a I a I -/a
1A-Dimethyl benzene ala
1,3-Dimethylbenzene ai- ai-
1,2-Dimethylbenzene ai-

18:0
Ac

18:0
Et

18:1
Ac

18:1
Me

18:1 18:1 tlll 18:2 18:2 18:2 18:2 18:3 18:3
Et Me Ac Me/) Mec Et ,yle Et

-/a b/c bib -Id
e/e d/a b la glf f/f fie fib fib
ala bla b/a ela bla bla
-/a b/- fla ala ela di-
al- fI- e/- b/-

fI- e/- ai- b/- b/-

"For explanatory remarks on the tables, see footnotes for Table 2.
/)400'(, 2.3 MPa.
CStandard conditions.

fatty compounds and contribute to lower CN of more unsatu
rated species. The aromatics, however, are particularly good
examples for discussing this effect because of their facile
identification in GC-MS, as discussed above.

Oxygenated species (aldehydes and ketones) were also de
tected and are given in Table 5. Aldehydes are known to form
in hydrocarbon combustion (13,14) because they are com
bustible intermediates and can lead to chain branching. On the
other hand, many compounds will have only slight or no ef
fects on the CN of fatty compounds. This holds, for example,
for the furans. Furan has only a small decreasing effect on the
CN of conventional diesel fuel at levels of 1-1000 ppm, as
some CN determinations conducted within the framework of
this project showed. Alkylated furans (2-ethylfuran and 2
pentylfuran), as detected here, will likely have slightly higher
CN than the unsubstituted parent compound. It therefore ap
pears unlikely that furans contribute in any significant fashion
to CN variations of fatty compounds, also because of the small
amounts in which they were detected.

In conclusion, this work has shown that numerous classes
of compounds, including alkanes, alkenes, cycloaliphatics,
and aromatics, and oxygenated species, such as aldehydes,
shorter-chain esters, and furans, arise during the precombus
tion phase of fatty compounds in a diesel engine. No signifi
cant dependence on the conditions employed here was ob
served. The formation of low-CN compounds during precom
bustion may contribute to the lower CN of some fatty
compounds, especially more highly unsaturated ones. This
was demonstrated most conspicuously for aromatics. Ulti-

mately, enhanced understanding of precombustion of fatty
compounds will aid in the development of techniques, such
as cetane improvement for reducing emissions, especially
NOx' when biodiesel is used as a fuel. In general, decreasing
the ignition delay time (precombustion phase) of a fuel can
raise the CN because less CN-decreasing intermediates are
formed.
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